Cereal Chem. 87(5): [461][462][463][464][465][466] Kernel hardness is an important trait influencing postharvest handling, processing, and food product quality in cereal grains. Though well-characterized in wheat, the basis of kernel hardness is still not completely understood in barley. Kernels of 959 barley breeding lines were evaluated for hardness using the Single Kernel Characterization System (SKCS). Barley lines exhibited a broad range of hardness index (HI) values at 30.1-91.9. Distribution of kernel diameter and weight were 1.7-2.9 mm and 24.9-53.7 mg, respectively. The proportion of hull was 10.2-20.7%. From the 959 breeding lines, 10 hulled spring barley lines differing in HI values (30.1-91.2) were selected to study the associations of HI with proportion of hull, kernel weight, diameter, vitreousness, protein, β-glucan, and amylose content. Vitreousness, evaluated visually using a light box, showed a clear distinction between hard and soft kernels. Hard kernels appeared translucent, while soft kernels appeared opaque when illuminated from below on the light box. Kernel brightness (L*), determined as an indicator of kernel vitreousness, showed a significant negative correlation (r = -0.83, P < 0.01) with HI. Protein, β-glucan, amylose content, proportion of hull, kernel weight, and diameter did not show any significant association with HI.
Barley (Hordeum vulgare subsp. Vulgare) an ancient cereal grain, is one of the most important food crops produced in the world. Recent research has shown that β-glucans, the major soluble fiber present in barley, helps to reduce blood cholesterol and glycemic index (Behall et al 2004 (Behall et al , 2006 Keenan et al 2007) . Despite its significant health benefits, barley is currently underutilized as human food. But proven health benefits of barley coupled with the FDA approval of health food claims for barley is expected to renew human interest in barley-based food products. Increased and effective utilization of barley in the food industry requires additional information on the functionality of barley components. Endosperm texture or kernel hardness is an important quality trait that significantly affects pearling and milling properties of cereal grains, flour particle size distribution, starch damage, and flour water absorption (Williams 1967; Edney et al 2002) . In addition to being a significant factor in malting, kernel hardness of barley may also influence food processing parameters and subsequent end uses. Generally, for food uses and pearling purposes, uniformsized, bright yellow, plump, thin-hulled, and medium-hard barley kernels are preferred. Hard kernels are preferred for pearling due to minimum loss of endosperm, but they require higher milling energy (Baik and Ullrich 2008) .
Kernel hardness is defined as the resistance of the kernel to deformation, with hard kernels being more resistant to destruction, and soft kernels being easily damaged (Turnbull and Rahman 2002) . In wheat, kernel hardness is controlled primarily by the hardness (Ha) locus on the short arm of chromosome 5D, which consists of three closely linked genes identified as pinA, pinB, and Gsp-1 that code for puroindoline a, puroindoline b, and grain softness protein-1, respectively (Mattern et al 1973; Law et al 1978; Morris 2002) .
In barley, hordoindolines and grain softness proteins have been mapped to the short arm of chromosome 5H (7), the homoeologous location of the wheat puroindolines (Rouvès et al 1996; Gautier et al 2000; Beecher et al 2001) . Using the Steptoe × Morex mapping population to study the influence of the allelic variation in hordoindolines on hardness, Beecher et al (2002) found the most significant QTL, which explained 22% of SKCS kernel hardness variation on the distal end of the short arm of chromosome 5H. Brennan et al (1996) used scanning electron microscopy (SEM) to identify structural features that are typical in good and poor malting barley cultivars. In good malting barley, the endosperm has large (A-type) starch granules and numerous small (B-type) starch granules. The A-type granules are smooth and devoid of the associated protein matrix. In poor malting barley, the A-type starch granules are embedded in a dense layer of associated protein matrix and this matrix masks the B-type starch granules such that only the A-type granules appear to be present.
Kernel vitreousness is described as degree of endosperm packing; the terms mealiness and vitreousness or steeliness are used to explain endosperm structure in wheat and barley. While hardness is used to visually describe resistance of kernels to deformation, vitreousness is used to describe a kernel (Turnbull and Rahman 2002) . On the surface, vitreous kernels appear glassy and under a microscope they show a compact internal structure comprised of densely packed starch granules in a continuous protein matrix. Mealy kernels, on the other hand, are opaque due to a less compact endosperm that contains starch granules loosely packed in a discontinuous protein matrix with numerous air spaces (Chandra et al 1999) . Vitreousness is influenced by growing conditions such as water and nutrient availability, and application of nitrogen fertilizer, etc. Temperature and light intensity during grain filling and the rate of drying at maturity also affect vitreousness (Turnbull and Rahman 2002) .
Though well-characterized as a food quality trait in wheat, the endosperm texture of barley has been little studied for food uses, except to establish the relationship between endosperm texture and malting quality.
The objective of this research was to determine variation in barley kernel hardness and to analyze its association with other physical and biochemical grain characteristics. (Table I) .
MATERIALS AND METHODS

Materials
Abrasion
The kernels of 919 hulled barley lines were abraded for 80 sec to remove the tightly attached hull using the Tangential Abrasive Dehulling Device (TADD) (Venables Machine Works, Saskatoon, Canada) before measuring SKCS hardness. The removal of hull facilitates vacuum picking and loading of individual kernels in the SKCS test. The 40 hulless lines were abraded for only 10 sec to remove the remnants of any loosely attached hull. Edney et al (2002) also dehulled hulled barley kernels before conducting the SKCS tests to prevent clogging of the SKCS. For the 10 hulled spring barley lines selected for further studies, both whole and dehulled kernels (abraded for 80 sec) were prepared for SKCS determination and additional tests. Proportion of hull was estimated as the percentage loss of outer layers after 80 sec of abrasion, which effectively removed most of hull with minimal damage to kernels. The hull is much more easily removed by abrasion than is the pericarp. Accordingly, little loss of pericarp and endosperm was observed in kernels abraded for 80 sec.
Kernels of 10 selected dehulled barley lines were ground using a cyclone sample mill (Udy, Fort Collins, CO) fitted with a 0.5-mm screen to produce flour. The flour was mixed well and stored in tightly sealed glass jars.
Single-Kernel Characterization System (SKCS)
Single kernel hardness index (HI) was determined on whole, nonshriveled bright kernels using the SKCS 4100 (Perten Instruments, Springfield, IL). For each line, 100 kernels were used. In addition to providing average hardness values of 100 kernels as hardness index (HI), the SKCS also provides average kernel diameter (mm), weight (mg), and moisture (%) data.
Vitreousness
Vitreousness is an optical property that reflects the internal packing of the endosperm. Vitreousness of barley kernels was determined by two different visual methods using a light box. In the first method, 50 dehulled kernels of the 10 selected lines were placed crease side down on a light box that supplies light from beneath, and observed for the illumination trend. They were then inspected by eye for the number of translucent (vitreous) kernels. Vitreousness (%) was calculated as number of translucent kernels × 100/total number of kernels.
In the second method, 50 dehulled kernels of the 10 selected lines were spread over a light box and ranked visually on a scale of 1 to 5: 1, very opaque; 2, opaque; 3, intermediate; 4, translucent; and 5, very translucent. Visual scores were then correlated with SKCS HI. Brightness (L*), as an indicator of vitreousness, was measured using a chromameter (CR-310, Minolta, Osaka, Japan). L* measurements were taken six times for each line, which represents two sample loadings and three color measurements per loading (Morris et al 2000; Peterson et al 2001) . Dehulled kernels of 10 selected lines were packed into a container with the black background provided in the kit and the reflected light by the kernels was measured. L* was measured as an indicator of the degree of kernel vitreousness.
Protein, β-Glucan, and Amylose Content
Protein content of the 10 barley lines was determined using a nitrogen analyzer (Leco, St. Joseph, MI) equipped with a thermal conductivity detector and calculated as N × 6.25, according to Approved Method 46-30 (AACC International 2010). β-glucan content was determined using the mixed-linkage β-glucan assay kit (Megazyme International, Ireland) according to Approved Method 32-23 (AACC International 2010). Amylose content was determined using the iodine colorimetric method (Williams et al 1970) . Results were reported on a dry weight basis.
Statistical Analyses
Statistical analyses of data were performed using the Statistical Analysis System (v.9.1.3, SAS Institute, Cary, NC) for analysis of variance (ANOVA), Fisher's least significant difference procedure (LSD), and Pearson's correlation coefficient. All tests were performed at least in duplicate.
RESULTS AND DISCUSSION
Kernel Characterization of 959 Breeding Lines
For the 919 hulled CAP breeding lines evaluated, the proportion of hull showed an almost normal distribution at 10.2-20.7%, with an average of 14.3% (Fig. 1) . Loss of outer layer was 11.6-20.7% for spring types, with an average of 14.5% and 10.2-19.3%, with an average of 13.1% for winter types. Spring lines (98%) and winter lines (99%) showed ≤17% proportion of hull. Proportion of hull was 11.6-17.4% for two-rowed lines and 10.2-20.7% for six-rowed lines. Average proportion of hull was 14.5 and 14.1% for two-rowed and six-rowed lines, respectively. Hull, formed by the lemma and palea, is strongly cemented to the hulled barley grains and is not easily removed during threshing. On average, the hull amounts to ≈13% of grain weight in barley but can be 7-25%, depending on type, cultivar, grain size, and latitude of cultivation (Evers et al 1999) , who reported ≈12.5% hull in six-rowed barley cultivars and 10.4% hull in two-rowed barley lines. Barley lines exhibited a broad range of SKCS HI values with a normal distribution. The overall HI range for the 959 lines was 30.1-91.9, with an average of 63.7 (Fig. 2) . Most lines (≈97%) showed HI > 51. Spring lines (n = 767) showed a wider range of HI values than winter lines (n = 192), which had a higher average HI value. HI of spring lines were 30.1-91.2, with an average of 61.8, while HI of winter lines were 39.9-91.9, with an average of 71.0. While spring lines showed an almost normal distribution of HI values, winter lines exhibited a slightly skewed distribution of HI values, tending to the higher side (Fig. 3) . Spring lines (≈74%) and winter lines (≈95%) showed HI > 60. SKCS HI was 30.1-90.6 and 39.9-91.9 for two-rowed (n = 379) and six-rowed (n = 580) lines, respectively. The average HI of two-rowed types was 61.3 and the average HI of the six-rowed types was 65.3. Two-rowed (≈97%) and six-rowed lines (≈92%) (Table II) . Extensive variations in hardness of individual kernels were observed even within each line. Agronomic and climatic factors influence grain uniformity. Uneven tiller development due to changes in the growing environment, and the relative rate and duration of starch and protein deposition during grain development may influence grain uniformity. In a study on textural variation in wheat, Gaines (1986) measured the texture of individual kernels of hard and soft wheat by determining the median particle size of ground kernels by laser light scattering and observed a large variation in individual kernel texture within a cultivar, attributed to different maturation times of kernels on a wheat rachis. In a study on the fracture properties of single kernels of soft and hard wheat, Dobraszczyk et al (2002) found a distribution of hardness values within each cultivar.
Overall, kernel diameter and weight values were 1.7-2.9 mm, with an average of 2.3 mm, and 24.9-53.7 mg, with an average of 36.8 mg, respectively. Most of the lines (≈99%) exhibited diameters of 1.7-2.7 mm. No significant differences were observed between diameter values of the various classes. Overall, 94% of the lines exhibited kernel weights of 29-47 mg. In spring (≈43%) and winter lines (30%) showed kernel weights of >39 mg. Tworowed lines (≈89%) showed kernel weights of 34-47 mg, while six-rowed lines (92%) exhibited kernel weights of 29-42 mg. Kernel weights for hulled lines were 24.9-53.7 mg, with an average of 37.0 mg and for hulless lines were 29.5-41.0 mg, with an average of 34.0 mg (Table II) . SKCS HI showed statistical associations with kernel weight (r = -0.20, P < 0.01) and diameter (r = -0.08, P < 0.01). Though the associations were statistically significant, r-values were very low, suggesting essentially no biological relationships between SKCS hardness and kernel weight and diameter. Kernel diameter positively correlated with kernel weight (r = 0.81, P < 0.01). In a study on expression of kernel hardness in developing wheat endosperm, Turnbull et al (2003) observed no differences in SKCS kernel diameter and weight among near isogenic hard and soft lines at any time period postanthesis. They also reported a positive correlation between kernel diameter and weight.
Influence of Hull, Kernel Weight, and Diameter on SKCS Hardness
A major botanical feature of barley is the presence of a hull, the outer lemma and the inner palea, cemented to the pericarp epidermis in hulled types. SKCS HI for 10 selected hulled barley lines was 26.4-86.2 and showed HI values comparable to the dehulled kernels (30.1-91.2). The correlation coefficient between kernel hardness of hulled vs. dehulled kernels was 0.98 (P < 0.01) (Fig. 4) , suggesting that in barley, hull has little effect on SKCS kernel hardness. For hulled barley, kernel diameter ranged from 2.1 to 2.6 mm, while kernel weight varied between 34.1 to 48.1 mg. For 10 lines of dehulled barley, kernel diameter was 2.1-2.5 mm and kernel weight was 30.3-41.1 mg. SKCS HI of both hulled and dehulled kernels showed no significant association with respective SKCS weight and diameter values.
Relationship Between SKCS Hardness and Vitreousness
Kernel vitreousness reflects the degree of internal compactness of the endosperm and is strongly influenced by both the environment and the genotype. Vitreousness, an optical property, is directly related to the density and relative porosity of the endosperm, which are in turn influenced by growing conditions (Dobraszczyk et al 2002) . In this study, vitreousness assessment was conducted both visually and objectively using a Minolta chromameter. Visual observation using a diffusion light box showed a clear differentiation in the pattern of light transmission between SKCS hard and soft kernels. On the diffusion light box, SKCS hard kernels appeared translucent, while soft kernels appeared dark and opaque (Fig. 5) . Vitreousness measured visually was 5-99% and showed a significant positive correlation (r = 0.91, P < 0.01) with SKCS HI. Visual scoring of the 10 selected lines on a scale of 1-5 also showed significant positive correlation with SKCS HI (r = 0.97, P < 0.01) ( Table III) . These results suggest that vitreousness or degree of endosperm packing affects SKCS HI, i.e., hard kernels are vitreous and soft kernels are mealy. This probably means that when kernels are illuminated from below, endospermic pores and loosely packed starch granules present in the soft mealy kernels absorb or scatter a large proportion of the incident light, thus giving a dark and opaque appearance. Due to the dense endosperm composed of tightly packed starch and protein, hard vitreous kernels may transmit more light, giving a translucent appearance (Chandra et al 1999 (Chandra et al , 2001 ). Brightness (L*) of kernel as an indicator of vitreousness was measured using a Minolta chromameter. The L* values for the 10 selected lines were 61.9-65.9 (Table III) and showed significant negative correlation (r = -0.83, P < 0.01) with SKCS HI, indicating a relationship of SKCS hardness with vitreousness or endosperm packing of kernels. This result suggests that SKCS hard and soft kernels may have endosperm arrangements similar to vitreous and mealy kernels, respectively, causing distinctive light transmission patterns (Chandra et al 1999 (Chandra et al , 2001 ). The Minolta chromameter measures the light reflected back by the kernels enclosed in a container with a black background. This means that when kernels are illuminated from above, vitreous kernels with a compactly packed endosperm allow light to pass through the kernels. The light is absorbed by the black background, giving a reduced reflection of light and, consequently, lower L* values. In contrast, mealy endosperm allows little penetration of light through the kernel and reflects more light, giving higher L* values.
Similar observations in the light transmission pattern of barley kernels have been reported by other researchers. Chandra et al (1997) developed a method that depends on the extent of light transflectance through grain endosperm to measure the proportion of vitreousness in wheat and barley samples. Chandra et al (1999) used light transflectance to classify whole dehulled barley kernels as either mealy or steely, based on endosperm structural differences. They observed that mealy kernels illuminated from below absorbed light, causing the kernels to appear dark and opaque, whereas steely kernels transflected light, giving a translucent appearance. Chandra et al (1999) compared kernels of different transmission properties under electron microscope and found that vitreous kernels possessed a dense, tightly packed endosperm. Mealy kernels possessed a loosely packed endosperm. Chandra et al (2001) developed a rapid light transmission meter (LTm meter) to assess the structural qualities of barley kernel endosperm. The LTm meter measures the light passing through individual barley kernels. Mealy kernels hinder light transflectance because of increased scatter, giving low LTm values. Vitreous kernels, on the other hand, facilitate light transflectance, producing higher LTm values. Using the LTm meter, they showed that malting barley is mealy, while feed barley is vitreous.
Effect of Grain Composition on SKCS Hardness
Protein content of the 10 selected lines was 9.5-13.9%, while the β-glucan content was 3.3-5.8%. Amylose content was 22.4-25.4% (Table IV) . Correlation coefficients for SKCS HI vs. protein, β-glucan, and amylose content were r -0.27, 0.46, and 0.34, respectively; none were significant. The lack of association observed between hardness and β-glucan and between hardness and amylose may be due partly to the narrow range of values obtained for the two chemical components.
Though protein content showed a broad range, the two hardest lines (both >90 SKCS HI units) had the lowest and the highest protein contents. Chemical characteristics of barley are affected by genotype, environment, and the interaction between the two. Unlike wheat, the biochemical basis of barley kernel hardness is not clearly understood. Differences in protein levels, starch-protein interactions, and cell wall components have all been investigated with contradictory results. To determine the relationship between barley composition and hardness, Henry and Cowe (1990) observed that milling energy negatively correlated with starch and positively correlated with β-glucan content, but found no significant association between milling energy and protein content. In a study on the relationship between kernel hardness and malting quality in 10 spring barley cultivars, Vejražka et al (2007) found a narrow range of protein values (10.8-11.9%) and observed that protein content had no significant association with kernel hardness.
In a study investigating the relationship between kernel hardness and malting quality of 12 barley cultivars, Psota et al (2007) found a considerable range of protein values (7-14%) but observed no significant association between protein content and kernel hardness. They also reported that kernel hardness increased with an increase in nonstarch polysaccharides like β-glucan and pentosan and decreased with increasing starch content.
CONCLUSIONS
Barley breeding lines used in this investigation showed a broad normal distribution of hardness and proportion of hull. Kernel weight and diameter showed no influence on SKCS hardness. SKCS appears to be a useful tool for rapid evaluation of single kernel characteristics in barley. The contribution of hull to the variation in SKCS kernel hardness seemed negligible. SKCS hardness showed a significant positive correlation with vitreousness as measured by both visual and instrumental measurements, indicating that endosperm packing may be one of the major contributing factors to kernel hardness of barely. SKCS hard lines appear to be vitreous due to a possible compact endosperm that readily transmits the incident light, giving a translucent appearance. SKCS soft lines may be mealy due to the numerous air spaces in the endosperm scattering the incident light, producing opaque kernels. The diffusion light box appears to be a reliable, rapid, and inexpensive method for evaluating whole barley kernel vitreousness or for predicting endosperm texture. Brightness (L* values) as an indicator of barley vitreousness using a Minolta chromameter may also be used as a more objective and rapid evaluation of barley endosperm packing and vitreousness. Protein, β-glucan, and amylose contents did not show any significant relationship with SKCS HI. This finding indicates either no actual effect of these chemical constituents on barley kernel hardness or effects due to small variations in the lines selected for this study.
